Abstract
intermittent strategy. Data from this study could be extrapolated for other β-lactam antimicrobials. Therefore, this dosing strategy could be considered in clinical practice.
Data extraction
Two reviewers (H.Y and Q.Y. Z) independently extracted relevant information for the metaanalysis. The extracted data included the characteristics of each study (author, study design, years, country), patient population (numbers of patients, type and etiology of infection), drug regimens, and clinical outcomes (clinical cure, mortality, bacteriologic cure, days in hospital, adverse events, cost) of the two groups in each study. Adverse events were directly described instead of statistical analysis considering few sample sizes.
Quality assessment
Two authors (H.Y and Y.K.W) independently assessed the included studies for quality without blinding to journal or study authorship. Discrepancies were resolved by involvement of a third review author (C.Z) if required.
The quality of included RCT studies was assessed according to the criteria developed by the Cochrane risk of bias tool: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting and other bias. The quality of observational studies was assessed using the Newcastle-Ottawa Scales (NOS) [16] .
Statistical analysis
The meta-analysis was performed using Review Manager for Windows (version 5.2). Odds ratio (OR) and 95% confidence interval (CI) were calculated for each outcome. Statistical heterogeneity among studies was assessed by χ2 test (P <0.10 was defined to indicate significant heterogeneity) and I 2 test. Mantel-Haenszel fixed effects model (FEM) was used when there was no significant heterogeneity between studies; otherwise, a random effects model was chosen. Adverse events were directly described instead of statistical analysis considering few sample sizes included. In order to evaluate the stability of results without estimation bias from individual study, especially considering relative small size studies being included [17] [18] [19] , sensitivity analysis was performed by exclusion of each study one by one. This process of excluding one study at a time allowed for identification of any single article that may have a large influence on the final results. Publication bias was evaluated using the funnel plot method, of which funnel plot asymmetry was assessed by Egger's linear regression test [20] .
Results

Literature search
The search strategy yielded 2354 titles and abstracts. In addition, 3 articles were retrieved manually by searching from references lists. A total of 2319 articles were excluded after the review of abstracts, and 38 articles remained for full-text analysis. 24 articles were excluded after fulltext review, leaving a total of 14 articles to be included in the analysis. The whole literature search process is summarized in Fig. 1 .
Study description
Characteristics of the eligible studies are presented in Table 1 . This meta-analysis included fourteen studies, among which were two prospective studies [18] , [21] , seven retrospective studies [17] , [24] [25] [26] , [29] [30] [31] and five RCTs [19] , [22] , [27] , [28] , [32] . The patients of five of the included studies were persons who were admitted to the Intensive Care Unit (ICU) with severe infection, and the other nine studies included only non-ICU patients with moderate or severe infection. The infections of patients included pneumonia, sepsis, complicated intra-abdominal infection and ICU infections. The severity of underlying illness of the patients was evaluated using APACHE II, SAPS II or SOFA score and there was no statistically significant difference for their average values between two dosing groups in each study. In total, 1786 patients were included in the analysis and the sample sizes ranged from 16 to 359 in the identified studies. In the included studies, conventional intermittent infusion regimens were 2.25-4.5g over 20 or 30min three or four times daily. The extended infusion regimens lasted greater than 3 hours and the continuous infusion regimens lasted 24 hours with the doses ranging from 6.75 to 13.5g daily.
Quality of included studies
Seven factors were used to evaluate the bias of the five included RCT studies according to the Cochrane risk of bias tool. Most factors for all studies showed low bias. However, the methods used to generate the allocation sequence in four studies were unclear. On the whole, the included RCTs in our study were of relatively high quality. There were nine observational studies, including two prospective studies and seven retrospective studies. Eight factors were used to assess study quality according to NOS. The more factors the study met, the higher the quality of the study was. Except one study (Buck 2005) missed one indicator, the other seven studies were adequate in all criteria. The results showed that all observational studies were high quality.
Clinical cure
Clinical cure was defined as "cure" (the complete resolution of clinical signs and symptoms of infection, with no new signs or symptoms associated with the original infection) or "improvement" (the patient was not cured, but there was a resolution or a reduction of the majority of the clinical signs and symptoms of infection and no new or worsened signs associated with the original infection) in these studies. Nine studies including four RCTs, reported clinical cure rate [17] , [18] , [21] , [22] , [26] [27] [28] , [31] , [32] . Compared to the conventional intermittent infusion, the extended or continuous infusion had a significantly higher clinical cure rate (718 patients, OR 1.88, 95% CI 1.29-2.73, P = 0.0009; Fig. 2 ). No significant heterogeneity was found among all the studies (I 2 = 43%, P = 0.09). The funnel plot did not show obvious asymmetry, and there was no publication bias presented by Egger's test (P = 0.849).
Mortality
Eleven studies, including three RCTs, compared mortality rate between the extended or continuous infusion and the conventional intermittent infusion strategy [17] , [19] , [21] , [22] , [24] [25] [26] , [28] [29] [30] [31] . The extended or continuous infusion strategy was found having lower mortality rate compared to the conventional intermittent infusion (1591 patients, OR 0.67, 95% CI 0.50-0.89, P = 0.005; Fig. 3 ). No significant heterogeneity was found among the studies (I 2 = 0%, P = 0.50). Obvious asymmetry was not found in the funnel plot. Egger's test showed no publication bias, but the p value was 0.058, which indicated no statistically significant difference.
Bacteriologic success
Bacteriological success was defined as success ("eradication" or "presumed eradication") versus failure ("persistence" or "presumed persistence"). A total of four studies evaluated bacteriologic success, of which Li et al only reported overall success rates [27] , and Grant et al [21] , Lau et al [22] , Ye et al [28] reported both overall and classified bacteriologic success rate for each type of bacteria. The average bacteriological success rate was 73.5% for the extended or continuous infusion group and 68.4% for the conventional intermittent infusion group, respectively. Bacteriological success rate showed no significant difference between the two infusion strategies (306 patients, OR 1.40, 95% CI 0.82-2.37, P = 0.22; Fig. 4 ).
Adverse events
Adverse event data were few since piperacillin/tazobactam is rather well tolerated, and therefore, statistical analysis was not applied due to limited available data. Four studies described adverse events [17] , [21] , [22] , [27] but two of them did not find any [17] , [21] . In the RCT study by Lau et al, 22 of 130 patients (16.9%) in the continuous infusion group experienced adverse events versus 18 of 132 (13.6%) in the conventional intermittent group [22] . Six serious adverse events were found in the continuous group, including Clostridium difficile colitis, renal failure, confusion, tachycardia, and a tonic/clonic seizure, but none led to death. The incidence of adverse events was not significantly different between the two dosing groups. Another RCT study by Li et al reported 2 of 32 patients in the extended or continuous infusion group and 2 of 34 patients in the conventional intermittent group experienced adverse effects [27] . No serious adverse event was found in either group.
Sensitivity analysis
The results of sensitivity analysis showed no substantial modification of the estimates after exclusion of individual study one by one.
Discussion
This meta-analysis was performed to compare extended or continuous infusion with the conventional intermittent infusion approach of piperacillin/tazobactam. Our meta-analysis, including fourteen studies (two prospective studies, seven retrospective studies, and five RCTs), showed that the extended or continuous infusion strategy was associated with a higher clinical cure rate and lower mortality than the conventional intermittent approach. The bacteriological success rates and adverse events were not found to be significantly different between the two dosing approaches. These results ignored differences in severity of infection among different studies, but the average level of severity of infection between two dosing groups for each study was not significantly different.
Higher clinical cure rate for the extended infusion approach was found in our study, which is an important result, indicating the merit of using the extended or continuous infusion instead of the conventional intermittent infusion approach in clinical practice. The reason for which the extended or continuous infusion leads to increased clinical cure rate may be related to the increase in the time that the drug concentrations exceed the MIC since piperacillin/ tazobactam is a time-dependent antimicrobial [1] , [12] [13] [14] , [17] , [19] , [24] , [30] , [33] , [34] . However, Falagas et al concluded no difference in clinical cure rate between extended and conventional intermittent infusion strategy after their meta-analysis [15] . Possible reason may be related to limited numbers and few high quality studies included in their analysis (i.e. only one RCT incorporated). High quality researches with good study design are important and can avoid much of the bias of estimation [35] . As is well known, RCT is a study design of high quality, the best way to evaluate the clinical outcome, and can reduce bias to the maximum extent [36] . Five RCT studies were included in our analysis, avoiding possible bias to a large extent. Moreover, heterogeneity of the study is another main factor that may influence the final conclusion. FEM was used in our analysis since there was no significant statistical heterogeneity present among included studies (Fig. 2) . If significant heterogeneity did exist, a random effect model would have been used instead, similar to the work of Falagas et al. Compared to the random-effects model, the fixed-effects model is more sensitive and accurate [37] , [38] . Sometimes, an opposite result could even be obtained using the random effect model compared to the fixed effect model [39] . Sensitivity analysis is used to measure the stability of results, especially when heterogeneity exists. It is a good way to find the source of heterogeneity and eliminate it. There was one small size study included in the analysis [18] , but it did not modify the conclusion of the study when excluded during the sensitivity analyses.
Our meta-analysis suggested that extended or continuous infusion of piperacillin/tazobactam resulted in significantly lower mortality rate compared to the conventional intermittent infusion. No publication bias was discovered and the sensitivity analysis showed no substantial modification in this meta-analysis, but the Egger's test result did not reveal obvious statistical significance.
The bacteriologic success rate was not found to be statistically different in this metaanalysis. The β-lactam antibiotics exhibit their bactericidal effects by inhibiting enzymes involved in cell wall synthesis [40] . However, bacteriologic success rate is not as good as other endpoints since it is easily influenced by many factors, of which some are not measured routinely, for example, the specimen storage conditions. In most instances, the end point is imputed (i.e. clinical success without resampling from the infection site equals microbiological success). There were four included studies that reported bacteriologic cure, of which two were from the United States [21] , [22] and two were from China [27] , [28] . The bacteriologic success rate was about 80% in the United States, which was relatively high, compared to about 50% in China. Low bacteriologic success rate may be attributed to high resistance rates due to overuse in some areas of China [41] , [42] . No matter what reasons led to a lower bacteriologic success rate, a better dosing strategy is linked to increased bacteriologic success rate and more rational use of antimicrobials.
Drug-related adverse effects were mild and reported in similar numbers in both dosing strategy in all studies. This was powerful evidence against the traditional concept that an extended or continuous infusion could further induce toxicity reactions due to the high drug concentration lingering for a long-time within tissues [43] . However, more well-designed trials are needed to clarify this issue.
Eight different studies, including one RCT, provided inconsistent results towards the question that whether the extended or continuous infusion approach of piperacillin/tazobactam could reduce the length of hospital stay [21] , [24] [25] [26] , [29] [30] [31] [32] . Grant et al reported that days of therapy were similar with both treatment groups (7.3 ± 4.8 days for continuous infusion versus 8.7 ± 7.1 days for conventional intermittent infusion, P = 0.26) [21] . This finding was also found by Patel et al [25] , Lorente et al [26] , Yost et al [29] and Pereira et al [30] . However, Lodise et al found that the median duration of hospital stay was significantly shorter in patients who received extended infusion therapy compared to conventional intermittent therapy (21 days versus 38 days, P = 0.02) [24] . Lee et al [31] and Lv et al [32] also found a similar result when comparing the mean duration of therapy.
MIC ranges and pathogens are very important factors for consideration of their influence on patient outcomes. Unfortunately, the studies included in the meta-analysis did not report data based on the source of infection. However, the evaluation indicators used in this study were clinical signs and symptoms, which were consistent with the types of pathogens and MIC ranges between two dosing groups, reducing the influence to the maximum extent.
Budget restrictions have put most institutions under pressure to curtail pharmacy costs. Except studies by Grant et al [21] and Heinrich et al [44] , no economic advantage was observed for the extended or continuous infusion strategy in other studies. A lower total daily dose may be required for the extended infusion in order to achieve a similar drug concentration [45] , which is the link to a decreased cost. Nevertheless, based on the current available evidence, we cannot make the conclusion that the extended or continuous infusion of piperacillin/tazobactam has any economic advantage.
All studies that we analyzed were of high quality, including RCTs and observational studies. Therefore, our conclusions were relatively reliable, but there were still multiple confounding factors. Small sample trials might bring bias. Additionally, disease status and drug doses were not the same in all studies, which could influence the clinical outcomes. Also, information regarding concurrent medications was not given in the studies analyzed. Therefore, drug-drug interactions were unknown and could not be considered during our evaluation.
In conclusion, evidences demonstrated that the extended or continuous infusion of piperacillin/tazobactam led to a higher clinical cure rate and a lower mortality rate than the conventional intermittent strategy. Therefore, this alternative infusion strategy could be recommended in clinical practice. Further data on the impact on adverse effects and economic budget should be generated for a better understanding of the extended or continuous infusion strategy. 
